water liquefaction of scrap tire rubber and Ishikari coal, separately and in mixtures was investigated to study the possible synergetic effects of coliquefaction between the feedstocks. The effects of partial oxidation on the liquefaction characteristics caused by the water-gas shift reaction in supercritical water were also investigated. Liquefaction was carried out in a tube-bomb reactor at 673K and 25MPa, in the presence and absence of Ni catalyst. The Ni catalyst increased the content of H2 and decreased the content of CO in the gas product for both separate and mixture liquefaction, indicating that the water-gas shift reaction was increased by the Ni catalyst.
Introduction
Waste tires have become a severe environmental and economic problem worldwide.
Annually, approximately 10 million tires are dumped in Australia, Japan, and Thailand, 35 million tires in the UK and 250 million tires in the USA1)-3). Disposal of this large amount of waste tires is usually in landfill sites. Compared to the total of waste materials, discarded tires account for only a small percentage, but their nonbiodegradable and burnable properties cause health problems and fire hazards. Therefore, disposal of waste tires as landfill or dumping in the open air are not desirable. Recovery of the raw materials is impossible because of the vulcanization process. An alternative method of disposal is burning to utilize the high heat of combustion (29-37MJ/kg), which is higher than most coals. Combustion has great potential for energy recovery, but emission of NOx, SO2, and CO, as well as toxic organic compounds such as polycyclic aromatic hydrocarbons, etc., may cause environmental problems4). Recently, conversion by coal-tire coliquefaction has been achieved5), but coal-tire coliquefaction requires large amounts of hydrogen to achieve high conversion.
Effective hydrogenation of dibenzothiophene (DBT) occurs by the partial oxidation of DBT-hexylbenzene mixture in supercritical water, possibly due to CO formation by the partial oxidation of hexylbenzene followed by conversion to hydrogenating species through the water-gas shift reaction (CO+H2O=CO2+H2)6). 4 .92ml) as shown in Fig. 1 . The temperature and pressure inside the reactor were measured by a K-type thermocouple and a pressure gauge, respectively. After placing 0.1g of coal and/or waste tire, water, H2O2 solution, and Ni catalyst as required in the reactor, the reactor was immersed into a molten salt bath at 673K.
Time needed for the temperature in the reactor to reach the reaction temperature was less than 1.5min. After the desired reaction time, the reactor was taken out of the salt bath and rapidly quenched in a cool water bath to terminate the reaction. The reaction time was 20min for experiments investigating coliquefaction and the effects of oxygen addition and watergas shift reaction.
Gas and liquid products were collected and analyzed.
Experiments were carried out with the weight fraction of coal in the 0.1g of sample mixture of 0 (only tire), 0.5, and 1 (only coal). H2O2 (30wt% solution, 0.04g) was added as oxidant in the partial oxidation experiments, which corresponds to 3% and 15% of the oxygen needed for complete combustion of the tire and coal, respectively.
Ni catalyst (0.04g) was loaded for catalytic experiments to promote the water-gas shift reaction. The amount of water was determined so that the pressure inside the reactor was 25MPa at 673K. Air in the reactor was replaced by inert gas, He or N2, to eliminate the possible effects of oxygen in the air. 2.2. Analysis Procedure Figure 2 shows the analytical procedure. Product gas was collected in a pre-evacuated sampling bottle. The increase in pressure inside the bottle allowed calculation of the amount of the gas product. After collecting the gas products, solid and liquid products were thoroughly scraped out and washed out with 200ml of glass filter. Residue, which was defined as waterinsoluble product, was then dissolved in 100ml of methanol. Methanol-insoluble product was dried overnight in an oven at 333K, and weighed for the yield calculation.
The calculation assumed that all ash in the sample was left in the residue. Minerals that could be dissolved in the water-soluble fraction were neglected.
Thus, the weight of ash in the sample was subtracted from the weight of the methanol-insoluble product.
Final analysis of the methanol-insoluble portion was conducted using a CHN analyzer (Yanagimoto Corp., MT-2).
Gas composition was determined by GC-TCD/FID chromatography (Shimadzu Corp., GC-14B). Water-soluble product was analyzed with a TOC analyzer (TOC-500) (see Fig. 2) .
Unfortunately, the elemental composition of the methanol-soluble product could not be analyzed because of the interference of methanol solvent. Therefore, carbon conversion to methanol-soluble product was determined by subtracting the carbon conversions to gas and water-soluble product from total carbon conversion.
2.3.
Materials The waste tire sample was received from Muraoka Rubber Reclaiming Co., Ltd. Ishikari coal was used in this study. The results of the final analysis of the materials are shown in Table 1 . The Ni catalyst was Engelhard Ni-5132P (Ni+NiO supported on SiO2/Al2O3 support). Figure 3 shows the amounts of product gases from liquefaction in all experiments.
Results and Discussion

Liquefaction of Coal and/or Waste Tire in Supercritical Water
Liquefaction of coal formed more gas products than tires, partly due to the differences in composition, especially the oxygen content. Usually, compounds with high oxygen content are easily gasified in supercritical water. The Ishikari coal sample contains much more oxygen than waste tire (Table 1) . The composition and amount of gas product matches the mean of the product from the liquefaction of the mixture of coal and tire, indicating that there was no interaction between the coal and tire in gas for- Figure  3 shows the effect of H2O2 addition on the amounts and Fig. 4 shows the effect on carbon conversion for each product. H2O2 is clearly involved in carbon oxidation in all cases, as shown by the increase in gases containing carbon and corresponding decrease in the carbon content of the methanol-insoluble product, compared to the results without H2O2 addition. The total amount of oxygen atoms in the gas product and the remaining oxygen content in the methanolinsoluble product (assuming a small amount of sulfur) was calculated to be more than the oxygen atoms from O 2 (generated from H2O2), compared to the result in the absence of H2O2. The oxygen content in the methanol-soluble and water-soluble products are unknown, but this result indicates that there is another source of oxygen supply, which is probably the water.
The decrease in carbon content in the methanolinsoluble product was balanced by the increase in gases containing carbon in the case of tire, as shown in Fig.  4 . This implies that the additional H2O2 resulted in direct oxidation of the tire. The decrease in carbon in the methanol-insoluble product for coal and the coaltire mixture is less than the increase in carbon in the gas and water-soluble products.
This indicates that the carbon amount in the oil product (methanol-soluble product) is also affected by the additional H2O2. 3.3.
Effect of Water-gas Shift Reaction Promoted by Ni Catalyst The amounts of gas product shown in Fig. 3 indicate that Ni catalyst promotes the water-gas shift reaction in all cases, as shown by the increase in H2 in the gas product.
Excess O2 in the gas product was observed in all cases with Ni catalyst, due to the dead volume of the reactor and the competition between direct oxidation and the water-gas shift reaction, which is accelerated by Ni-catalyst.
Carbon conversion to methanol-soluble product increases in the presence of Ni catalyst (Fig. 4) , indicating that Ni-catalyst both promotes carbon hydrogenation and enhances the selectivity for methanol-soluble product in all cases, especially for coal-tire mixtures. The amount of residual carbon in the methanol-insoluble product, as shown in Fig. 5 , emphasizes the greater effect of H2O2 and Ni catalyst addition for the coal-tire mixture. Therefore, interaction between tire and coal radicals and hydrogenation via the water-gas shift reaction promoted by Ni catalyst are both important.
Conclusions
(1) Coal-tire coliquefaction is enhanced in supercritical water.
(2) H2O2 increases carbon oxidation for both coal and tire (3) Hydrogenation is more important for coal than tire. (4) Further enhancement in total conversion can be expected due to the interaction between coal and tire radicals and the water-gas shift effect promoted by Ni catalyst.
